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(57) ABSTRACT

A method for automatically identifying the source of fluc-
tuations in a trans-ionospheric radio signal, by acquiring a
portion of the radio signal and computing statistics on it,
including mean, standard deviation, scintillation index,
skew, kurtosis, decorrelation time, and spectral slope. The
scintillation index, skew, kurtosis, decorrelation time, and
spectral slope are compared to thresholds, and based at least
in part upon the comparisons, at least one condition present
in the portion of the radio signal is selectively indicated to
an operator, where the condition is selected from the group
of no signal fluctuations, RF interference, multipath inter-
ference, noise, and ionospheric scintillation.
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1
SOURCE DISCRIMINATION OF
FLUCTUATING RADIO SIGNALS

RELATED APPLICATIONS

This application claims all rights and priority on prior
U.S. provisional patent application Ser. No. 62/836,215 filed
2019 Apr. 19, the entirety of the disclosure of which is
incorporated herein by reference.

GOVERNMENT RIGHTS STATEMENT

The invention described herein may be manufactured and
used by or for the Government of the United States for all
governmental purposes without the payment of any royalty.

FIELD OF THE INVENTION

This invention relates to the field of radio communica-
tions. More particularly, this invention relates to determining
the sources of fluctuations in trans-ionospheric radio signals,
whether for communication or other purposes such as navi-
gation or radar.

BACKGROUND OF THE INVENTION

Having accurate measurements of the characteristics of
radio frequency signals that are traveling through the iono-
sphere between earth and space (in either direction) is
important so as to monitor the proper functioning of the
transmit and receive equipment and for detecting and mea-
suring ionospheric scintillation, or fluctuations in signal
power and phase produced by turbulence in the ionospheric
plasma. Prior-art monitoring systems are unable to reliably
distinguish between the various different sources of these
fluctuations in the radio signals.

Signal fluctuations on such links can result from perfor-
mance problems with the transmit or receive equipment,
accidental or intentional radio frequency (RF) interference,
reflections off the ground surface or nearby objects (multi-
path propagation), or scintillation caused by turbulence in
the ionosphere.

System operators may have requirements to keep system
power or phase within specific limits and, therefore, will
monitor the signals to ensure that the system performance is
within an allowable range. RF interference picked up at the
monitoring location can create apparent fluctuations in sig-
nal parameters that are independent of the actual perfor-
mance of the transmitter being monitored. If signal moni-
toring is done near the receiving end of the link, and the link
passes through the ionosphere, fluctuations in the signal
caused by ionospheric scintillation might be misinterpreted
as problems with the transmitter.

Other users of trans-ionospheric channels may be primar-
ily interested in measuring ionospheric scintillation or tur-
bulence, in which case fluctuations caused by local radio
interference or multipath can create false readings. Con-
versely, some receivers or monitoring systems may attempt
to notify operators or users of interference, but are unable to
distinguish between true interference and ionospheric scin-
tillation.

In regard to scintillation monitoring, prior-art scintillation
sensors typically assume that all fluctuations in the signal are
the result of ionospheric turbulence. Furthermore, scintilla-
tion measurement systems operated in the equatorial region
typically assume that natural scintillation is not present
during daytime hours and often do not even record or
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archive data during these periods, in spite of the fact that the
study of daytime scintillation, by virtue of its unusual nature,
could provide a high payoff to researchers.

What is needed, therefore, is a system for identifying and
reporting the various sources of fluctuation in a trans-
ionospheric radio signal, such as interference, multipath,
noise, and ionospheric scintillation.

SUMMARY OF THE INVENTION

The above and other needs are met by a method for
automatically identifying the source of fluctuations in a
trans-ionospheric radio signal, by acquiring a portion of the
radio signal and computing statistics on it, including mean,
standard deviation, scintillation index, skew, kurtosis, deco-
rrelation time, and spectral slope. The scintillation index,
skew, kurtosis, decorrelation time, and spectral slope are
compared to thresholds, and based at least in part upon the
comparisons, at least one condition present in the portion of
the radio signal is selectively indicated to an operator, where
the condition is selected from the group of no signal fluc-
tuations, RF interference, multipath interference, noise, and
ionospheric scintillation.

In some embodiments according to this aspect of the
invention, if the scintillation index is greater than a first
threshold, and the decorrelation time is between a second
threshold and a third threshold, and the slope is between a
fourth threshold and a fifth threshold, then a condition of
ionospheric scintillation is indicated. In some embodiments,
if an absolute value of the skew is greater than a sixth
threshold, then a condition of RF interference is indicated. In
some embodiments, if an absolute value of the kurtosis is
greater than a seventh threshold, then a condition of RF
interference is indicated.

In some embodiments, a multipath slope (defined herein
as a spectral slope value that is used for multipath determi-
nation) is computed using the decorrelation time and the
spectral slope over a spectral range of about 0.0005 hertz to
about 0.01 hertz, and an average power is computed from a
power spectrum over a spectral range of about 0.0005 hertz
to about 0.01 hertz, and if the decorrelation time is greater
than an eighth threshold, and the multipath slope is less than
or equal to a ninth threshold, and the average power is
greater than or equal to a tenth threshold, then a condition of
multipath interference is indicated.

In some embodiments, a multipath slope is computed
using the decorrelation time and the spectral slope over a
spectral range of about 0.0005 hertz to about 0.01 hertz, and
if the multipath slope is less than or equal to an eleventh
threshold, then a condition of multipath interference is
indicated. In some embodiments, if a condition of at least
one of RF interference, multipath interference, and iono-
spheric scintillation is not indicated, then a condition of
noise is indicated.

According to another aspect of the invention there is
described a non-transitory, computer-readable storage
medium having stored thereon a computer program with a
set of instructions for causing a computing device to indicate
radio signal conditions by performing the following steps. A
portion of the radio signal is acquired, and statistics on the
portion of the radio signal are computed, including mean,
standard deviation, scintillation index, skew, kurtosis, deco-
rrelation time, and spectral slope. The scintillation index,
skew, kurtosis, decorrelation time, and spectral slope are
compared to thresholds, and based at least in part upon the
comparisons, at least one condition present in the portion of
the radio signal is selectively indicated, selected from the
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group of no signal fluctuations, RF interference, multipath
interference, noise, and ionospheric scintillation.

In some embodiments according to this aspect of the
invention, the instructions include indicating a condition of
ionospheric scintillation if the scintillation index is greater
than a first threshold, and the decorrelation time is between
a second threshold and a third threshold, and the slope is
between a fourth threshold and a fifth threshold. In some
embodiments, the instructions include indicating a condition
of RF interference if an absolute value of the skew is greater
than a sixth threshold. In some embodiments, the instruc-
tions include indicating a condition of RF interference if an
absolute value of the kurtosis is greater than a seventh
threshold.

In some embodiments, the instructions include computing
a multipath slope using the decorrelation time and the
spectral slope over a spectral range of about 0.0005 hertz to
about 0.01 hertz, computing an average power from a power
spectrum over a spectral range of about 0.0005 hertz to
about 0.01 hertz, and indicating a condition of multipath
interference if the decorrelation time is greater than an
eighth threshold, and the multipath slope is less than or equal
to a ninth threshold, and the average power is greater than
or equal to a tenth threshold.

In some embodiments, the instructions include computing
a multipath slope using the decorrelation time and the
spectral slope over a spectral range of about 0.0005 hertz to
about 0.01 hertz, and indicating a condition of multipath
interference if the multipath slope is less than or equal to an
eleventh threshold. In some embodiments, the instructions
include indicating a condition of noise if a condition of at
least one of RF interference, multipath interference, and
ionospheric scintillation is not indicated.

According to yet another aspect of the invention there is
described an apparatus for automatically identifying the
source of fluctuations in a trans-ionospheric radio signal. An
antenna receives a trans-ionospheric radio signal that is
passed to a receiver. A processor computes statistics on the
radio signal, including mean, standard deviation, scintilla-
tion index, skew, kurtosis, decorrelation time, and spectral
slope, and compares the statistics to thresholds. A user
interface selectively indicates at least one condition present
in the radio signal, selected from the group of no signal
fluctuations, RF interference, multipath interference, noise,
and ionospheric scintillation, based at least in part upon the
comparisons. A memory stores the thresholds.

In some embodiments according to this aspect of the
invention, the processor indicates a condition of ionospheric
scintillation if the scintillation index is greater than a first
threshold, and the decorrelation time is between a second
threshold and a third threshold, and the slope is between a
fourth threshold and a fifth threshold. In some embodiments,
the processor indicates a condition of RF interference if an
absolute value of the skew is greater than a sixth threshold.
In some embodiments, the processor indicates a condition of
RF interference if an absolute value of the kurtosis is greater
than a seventh threshold.

In some embodiments, the processor computes a mul-
tipath slope using the decorrelation time and the spectral
slope over a spectral range of about 0.0005 hertz to about
0.01 hertz, and an average power from a power spectrum
over a spectral range of about 0.0005 hertz to about 0.01
hertz, and indicates a condition of multipath interference if
the decorrelation time is greater than an eighth threshold,
and the multipath slope is less than or equal to a ninth
threshold, and the average power is greater than or equal to
a tenth threshold, and indicates a condition of multipath
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interference if the multipath slope is less than or equal to an
eleventh threshold. In some embodiments, the processor
indicates a condition of noise if a condition of at least one
of RF interference, multipath interference, and ionospheric
scintillation is not indicated.

BRIEF DESCRIPTION OF THE DRAWINGS

Further advantages of the invention are apparent by
reference to the detailed description when considered in
conjunction with the figures, which are not to scale so as to
more clearly show the details, wherein like reference num-
bers indicate like elements throughout the several views, and
wherein:

FIG. 1 is a flow chart of a first method for determining the
sources of fluctuations in trans-ionospheric radio signals
according to an embodiment of the present invention.

FIG. 2 is functional block diagram of an apparatus for
determining the sources of fluctuations in trans-ionospheric
radio signals according to an embodiment of the present
invention.

FIG. 3 is a flow chart of a second method for determining
the sources of fluctuations in trans-ionospheric radio signals
according to an embodiment of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

Various embodiments of the present invention take advan-
tage of several distinguishing features of the various sources
of fluctuation on radio links and use a combination of
parameters to determine the sources of observed signal
fluctuations, with high accuracy and without requiring
expert human-in-the-loop analysis. These embodiments can
be tailored to specific systems and incorporated into moni-
toring or warning software to prevent misinterpretation of
observed fluctuations, and thereby aid operators in either
properly identifying possible system anomalies or reporting
interference hampering their operations.

Embodiments of the present invention compute statistical
parameters that are selected by their sensitivity to the
different physical mechanisms that are behind the various
causes of signal fluctuation. The method then combines the
parameters, compares them to derived thresholds, performs
logic to eliminate incompatible causes, and then reports the
actual cause or causes of the fluctuations with a high degree
of reliability. In various embodiments, the method is written
into or supplied as a subroutine to signal monitoring or
post-processing systems, scintillation measurement systems,
or firmware of a receiving device that would benefit from
both an awareness of and a discrimination between the
various factors that cause signal fluctuations.

Embodiments of the invention include a method that
receives as input a stream of amplitude and phase samples
from a desired trans-ionospheric signal. The stream, in some
embodiments, is down-sampled or decimated to the 10-100
Hz range, as the fluctuations of interest tend to be below the
specific modulation containing the information content of
the signal. Signal power in some embodiments is converted
to a linear scale, if originally in units of decibels, and the
phase is detrended to reduce the effects of relative motion
between the transmitter and receiver.

Standard statistical parameters, such as the mean, stan-
dard deviation, skew, and kurtosis, are computed over an
interval of the signal that is long enough to adequately
capture the primary signal fluctuations of interest. The
specific time interval will vary depending on the degree of
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relative motion between the transmitter, receiver, and iono-
sphere. For ionospheric scintillation on fixed links, about
one minute is typically adequate. Additional parameters to
be computed include the decorrelation time and the spectral
slope or power spectral density. The amplitude scintillation
index (S,), defined as the square root of the standard
deviation of the signal amplitude divided by the mean
amplitude

_ [aey-a2
)

where I is signal amplitude in linear units, is also computed
from the mean and standard deviation, and is used as a
normalized unitless measure of signal fluctuation.

These statistical metrics are chosen based on the physics
of the situation, namely that over a certain range of time,
scintillation-generated fluctuations typically exhibit a
power-law distribution with an exponent much larger in
magnitude than the 1.0 value observed for white noise.
Scintillation characteristics also demonstrate a preferred
temporal scale depending on the wavelength, size of iono-
spheric irregularities, and relative motion of the transmitter,
ionosphere, and receiver.

Additionally, average power is generally conserved under
the diffraction processes that create scintillation. RF inter-
ference, on the other hand, lacks any coherence with the
transmitted signal, and produces either a net increase in
signal power (when total power at a frequency is being
measured) or a net decrease (when the signal-to-noise ratio
(SNR) across a band is used as a proxy for the absolute
signal strength and the interfering signal appears as part of
the noise).

The preferred temporal scale for scintillation is captured
by the decorrelation time, defined as the lag at which the
correlation of the signal with itself drops below 0.5. The
spectral slope computation reflects the power-law distribu-
tion of scintillation fluctuations. Skew and kurtosis are
measures of asymmetry in the distribution, and are therefore
excellent indicators of intermittent interference, such as
noise spikes.

After computing the required parameters for a sampling
interval, the method then tests the various parameters
against their thresholds to determine the presence of RF
interference and ionospheric scintillation that impact the
signal strength.

First, the S, index is computed to determine whether
fluctuations are significant enough to warrant further analy-
sis. When the S, exceeds a chosen threshold, the decorre-
lation time and spectral slope are calculated and compared
to maximum and minimum thresholds, which are estab-
lished empirically by expert analyses of large sets of mea-
surements. The specific values may vary depending on the
frequency of the signal (typically in the range from VHF
through L. band), the distance between the transmitter,
receiver, and ionosphere, relative motion between the trans-
mitter, ionosphere, and receiver, and orientation of the link
relative to the magnetic field.

If both the decorrelation time and spectral slope fall
between the maximum and minimum thresholds, the algo-
rithm returns a positive indication for the presence of
ionospheric scintillation during the sample time interval. If
either the slope or decorrelation time are outside the thresh-
olds, the algorithm returns a negative scintillation assess-
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ment. If the slope (generally negative values) is greater than
the upper bound for scintillation, the determination is white
noise. If the decorrelation time is larger than the maximum
threshold for scintillation, the fluctuations are identified as
multipath. If decorrelation time is lower than the minimum,
the identification is white noise.

In addition to the scintillation assessment, the method also
determines whether the absolute values of both the skew and
kurtosis are less than the established thresholds. If either is
greater, the method flags the interval as containing RF
interference.

The net outputs of the algorithm are therefore indicators
of the presence or absence of four possible contributing
factors, if significant fluctuations are observed: 1) iono-
spheric scintillation, 2) RF interference, 3) multipath propa-
gation, or, 4) white noise. Identification of combinations of
multiple phenomena present at the same time are in general
possible, although with the present definitions some outputs
are mutually exclusive.

The most likely use case for embodiments of the present
invention would be inclusion in the software or firmware of
monitoring systems where the outputs could be used to help
operators determine the true performance of their system.
The method is also expected to find use in purpose-built
scintillation measurement and monitoring systems to ensure
quality control of the measurements.

Some embodiments include down-sampling raw signal
amplitude and phase measurements (for convenience and
speed of processing), performing statistical processing over
all measurements in a specified temporal interval, compar-
ing the statistical parameters to sets of predetermined thresh-
olds, and finally capturing the flags output by the method.
This would most likely be carried out as a routine in a larger
signal monitoring application that already has a stream of
digital measurements of signal amplitude and phase, but
could also be implemented on a stand-alone processor
tapping off the target signal with a splitter, with outputs
perhaps shown as colored LEDs on the box. It could also be
implemented as pure software and run off-line against sets of
recent or past digital data or raw RF recordings.

Various embodiments rely on three core components of
spectral slope, decorrelation time, and a measurement of
asymmetry in the signal fluctuations. The asymmetry mea-
surement could be skew or kurtosis or a combination of the
two, or some other parameter capturing asymmetry in fluc-
tuations. While this disclosure specifically describes an
embodiment based on signal amplitude, similar logic applies
for processing of phase measurements, with the primary
difference being that phase must typically first be detrended
to eliminate the effects of relative motion between the
transmitter and the receiver, and that cycle slips, if any, must
be resolved.

The specific thresholds for phase measurements can be
expected to be different, in general, for those from amplitude
measurements. But in particular, the decorrelation time and
spectral slope remain key parameters in some embodiments
for identification of ionospheric scintillation. One embodi-
ment of the method uses fixed thresholds for spectral slope
and decorrelation time, but in the general case where the
transmitter, receiver, and ionosphere could all be in motion
relative to each other, the thresholds could be dynamic and
derived from the motion parameters.

Some embodiments output binary determinations without
any error bars or confidence intervals. But the binary thresh-
olds could be replaced in some embodiments by linear or
Gaussian-like probability distributions to provide numerical
estimates of the likelihood of various fluctuation impacts on
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the signal, or confidence intervals on the determinations. For
example, instead of binary spectral slope thresholds of -1.5
and —5.0 that are initially proposed as positive indicators of
ionospheric scintillation, we could instead specify a Gauss-
ian centered at —3.25 and dropping by 1/e at —1.5 and -5.0,
and assigning a probability to the assessment based on the
magnitude of the Gaussian for the observed spectral slope.
This would allow flagging of borderline cases while
reporting them with a lower level of certainty. It is also
readily conceivable and within the scope of the present
invention to do the analysis in Fourier space and apply
thresholds to the location, height, and width of various
peaks, slopes, or features that appear in the spectrum. For
example, white noise would represent a flat area in the
spectrum at short time scales where receiver noise domi-
nates over externally generated fluctuations in the signal.

First Embodiment

With reference now to FIG. 3, there is depicted a flow-
chart for a first embodiment of a method 300 according to
the present invention. The various thresholds as described in
this embodiment might be different from like-numbered
thresholds described in other embodiments or elsewhere in
this document.

This embodiment starts by receiving the radio signal on
which the processing will be performed, as given in block
302. The signal can be a live signal, such as might be
received from an antenna and radio receiver, or it can be a
stored signal, such as might be received from a storage
device such as a hard drive or other computerized storage
apparatus. As depicted in block 304, the received signal is
optionally down-sampled to some degree, such as by being
decimated. Down-sampling the signal will tend to speed up
the calculations that are to be performed in some embodi-
ments, and thus might be preferred for live signal analysis.
However, if sufficient processing power and memory are
available, then down-sampling might not be needed.

Various statistics are then performed on at least a selected
portion of the signal, as given in block 306. In some
embodiments, the selected portion of the signal is long
enough to capture a representative sample of the fluctuations
that might be occurring in the signal. In some embodiments,
the sampling interval for discriminating multipath fluctua-
tions is larger than the sampling interval that is used for other
parameters. For example, in some embodiments other
parameters are computed based on about one minute of a
sampled signal, but in other embodiments, determining
multipath fluctuations might use a signal portion of twenty
minutes to one hour. In some embodiments the statistics
include at least one of mean, standard deviation, scintillation
index, skew, kurtosis, decorrelation time, and spectral slope.

The calculated statistics are then compared to a series of
thresholds, which are used to determine the likelihood of the
presence of various different sources of fluctuations in the
signal. In some embodiments all of the following sources are
investigated and reported, and in other embodiments only
one or some other subset of the following sources are
investigated and reported. In some embodiments the order of
investigation of the various sources of fluctuation is different
from that as described below.

For example, in this embodiment, as depicted in block
308, the method 300 compares the scintillation index S, to
a first threshold T, . In some embodiments, the first threshold
is 0.05. If the scintillation index is not greater than the first
threshold, then the program flow falls to block 338 and, if no
flag has been set as given in the various blocks 328, an

10

15

20

25

30

35

40

45

50

55

60

65

8

indication of noise is reported by the method 300, and the
program exits. However, if the scintillation index is greater
than the first threshold, then the method 300 continues to
analyze the potential sources of fluctuation in the signal by
falling to the next analysis block.

As depicted in block 310, the method 300 compares the
decorrelation time —t,_ to a second threshold T,. In some
embodiments, the second threshold is 0.1. If the decorrela-
tion time is less than the second threshold, then the program
flow falls to block 338 and, if no flag has been set as given
in the various blocks 328, an indication of noise is reported
by the method 300, and the program exits. However, if the
decorrelation time is greater than the second threshold, then
method 300 continues to analyze the potential sources of
fluctuation in the signal by falling to the next analysis block.

As depicted in block 312, the decorrelation time -t is
compared to a third threshold T;. In some embodiments, the
third threshold is 10. If the decorrelation time is greater than
the third threshold, then the method 300 falls to block 338
and, if no flag has been set as given in the various blocks
328, an indication of noise is reported by the method 300,
and the program exits. However, if the decorrelation time is
less than the third threshold, then the method 300 continues
to analyze the potential sources of fluctuation in the signal
by falling to the next analysis block.

As depicted in block 314, the method 300 then compares
the signal spectral slope p to a fourth threshold T,. In some
embodiments, the fourth threshold is -5. If the spectral slope
is less than the fourth threshold, the method 300 falls to
block 338 and, if no flag has been set as given in the various
blocks 328, an indication of noise is reported by the method
300, and the program exits. However, if the spectral slope is
greater than the fourth threshold, then the method 300
continues to analyze the potential sources of fluctuation in
the signal by falling to the next analysis block.

As depicted in block 316, the method 300 then compares
the signal spectral slope p to a fifth threshold Ts. In some
embodiments, the fifth threshold is —1.5. If the spectral slope
is less than the fifth threshold, then the method 300 reports
that scintillation is present in the signal, as given in block
318. However, if the spectral slope is greater than the fifth
threshold, then the method 300 falls to block 338 and, if no
flag has been set as given in the various blocks 328, an
indication of noise is reported by the method 300, and the
program exits.

The method 300 continues in block 320 where the deco-
rrelation time —t_ is compared to an eighth threshold Tg. In
some embodiments, the eighth threshold is 10. If the deco-
rrelation time is not greater than the eighth threshold, then
the program flow falls to block 338 and, as described above,
if no flag has been set as given in the various blocks 328,
then an indication of noise is reported by the method 300,
and the program exits.

However, if the decorrelation time is greater than the
eighth threshold, then the method 300 next falls to block
322, where a value referred to as the multipath slope p,,,, is
compared to a ninth threshold. In some embodiments the
multipath slope is calculated using the decorrelation time
and the spectral slope over a spectral range of about 0.0005
hertz to about 0.01 hertz. In some embodiments the ninth
threshold is equal to about -1.2.

There are two different spectral slopes that are used in the
method, one for the scintillation determination (denoted as
p in the flowchart), and the other for multipath determination
(denoted as p,,, in the flowchart). They are both computed
in the same way. However, the frequency range over which
they are computed differs. This is because multipath typi-
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cally presents as fluctuations with lower frequencies than
those associated with scintillation. In one embodiment, the
calculation of the multipath slope is done by computing the
amplitude power spectrum via Fourier transform of the
signal, fitting a line to the spectrum in the frequency ranges
specified above, and then finding the slope of that line.

If the multipath slope is greater than the ninth threshold,
then the program flow falls to block 338 and, as described
above, if no flag has been set as given in the various blocks
328, then an indication of noise is reported by the method
300, and the program exits.

However, if the multipath slope is not greater than the
ninth threshold, then the method 300 next falls to block 324,
where a value referred to as the average power psd,,, is
compared to a tenth threshold. In some embodiments the
average power is calculated from a power spectrum over a
spectral range of about 0.0005 hertz to about 0.01 hertz. In
some embodiments the tenth threshold is equal to about —80.
Ifthe average power is less than the tenth threshold, then the
program flow falls to block 338 and, as described above, if
no flag has been set as given in the various blocks 328, then
an indication of noise is reported by the method 300, and the
program exits.

However, if the average power is not less than the tenth
threshold, then the method 300 falls to block 326 and reports
that multipath fluctuations are present in the signal, after
which the flag is set as given in block 328, and that portion
of the program is exited.

As depicted, the absolute value of the signal skew s is
compared to a sixth threshold T, as given in block 328. In
some embodiments, the sixth threshold is 2.0. If the absolute
value of the signal skew is greater than the sixth threshold,
then the method 300 reports that RF interference is present
in the signal, as given in block 328, after which the flag is
set as given in block 328, and that portion of the program is
exited.

If the absolute value of the signal skew is less than the
sixth threshold, then the method falls to block 330, where the
absolute value of the signal kurtosis k is compared to a
seventh threshold T,. In some embodiments the seventh
threshold is 10. If the absolute value of the signal kurtosis is
greater than the seventh threshold, then once again the
method 300 reports that RF interference is present in the
signal, as given in block 332, the flag is set as given in block
328, and that portion of the program is exited. However, if
the absolute value of the signal kurtosis is not greater than
the seventh threshold, then the program flow falls to block
338 and, as described above, if no flag has been set as given
in the various blocks 328, then an indication of noise is
reported by the method 300, and the program exits.

Thus, if either the absolute value of the signal skew or the
absolute value of the signal kurtosis exceeds the sixth
threshold or the seventh threshold, respectively, the method
reports that RF interference is present in the signal. In some
embodiments both the signal skew and the signal kurtosis
are analyzed, regardless of whether the first parameter of the
two to be analyzed indicates RF interference or not. In other
embodiments, if the first parameter of the two to be analyzed
indicates RF interference, then the other parameter is not
analyzed. In some embodiments, the various parameters are
not calculated until just before they are to be analyzed, and
in other embodiments, all of the parameters are calculated at
one time at the start of the method.

As depicted in block 334, the multipath slope is compared
to an eleventh threshold. In some embodiments the eleventh
threshold is equal to about 3. If the multipath slope is less
than or equal to the eleventh threshold, then the method 300
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reports that multipath interference is present in the signal, as
given in block 336, and the flag is set as given in block 328.
However, if the multipath slope is greater than the eleventh
threshold, then the program flow falls to block 338 and, as
described above, if no flag has been set as given in the
various blocks 328, then an indication of noise is reported by
the method 300, and the program exits.

Second Embodiment

With reference now to FIG. 1, there is depicted a flow-
chart for a second embodiment of a method 100 according
to the present invention. The various thresholds as described
in this embodiment might be different from like-numbered
thresholds described in other embodiments or elsewhere in
this document.

This embodiment starts by receiving the radio signal on
which the processing will be performed, as given in block
102. The signal can be a live signal, such as might be
received from an antenna and radio receiver, or it can be a
stored signal, such as might be received from a storage
device such as a hard drive or other computerized storage
apparatus. As depicted in block 104, the received signal is
optionally down-sampled to some degree, such as by being
decimated. Down-sampling the signal will tend to speed up
the calculations that are to be performed in some embodi-
ments, and thus might be preferred for live signal analysis.
However, if sufficient processing power and memory is
available, then down-sampling might not be needed.

Various statistics are then performed on at least a selected
portion of the signal, as given in block 106. In some
embodiments, the selected portion of the signal is long
enough to capture a representative sample of the fluctuations
that might be occurring in the signal. In some embodiments,
the sampling interval for discriminating multipath fluctua-
tions is larger than the sampling interval that is used for other
parameters. For example, in some embodiments other
parameters are computed based on about one minute of a
sampled signal, but in other embodiments, determining
multipath fluctuations might use a signal portion of twenty
minutes to one hour. In some embodiments the statistics
include at least one of mean, standard deviation, scintillation
index, skew, kurtosis, decorrelation time, and spectral slope.

The calculated statistics are then compared to a series of
thresholds, which are used to determine the likelihood of the
presence of various different sources of fluctuations in the
signal. In some embodiments all of the following sources are
investigated and reported, and in other embodiments only
one or some other subset of the following sources are
investigated and reported. In some embodiments the order of
investigation of the various sources of fluctuation is different
from that as described below.

For example, in this embodiment, the scintillation index
S, is compared to a first threshold T, as given in block 108.
In some embodiments, the first threshold is 0.05. If the
scintillation index is not greater than the first threshold, then
the method 100 reports to the operator that there are no
significant fluctuations in the signal, as given in block 110,
and the method 100 exits. However, if the scintillation index
is greater than the first threshold, then the method 100
continues to analyze the potential sources of fluctuation in
the signal by falling to the next analysis block.

As depicted, the absolute value of the signal skew s is next
compared to a sixth threshold Ty, as given in block 112. In
some embodiments, the sixth threshold is 2.0. If the absolute
value of the signal skew is greater than the sixth threshold,
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then the method 100 reports to the operator that RF inter-
ference is present in the signal, as given in block 114.

If the absolute value of the signal skew is less than the
sixth threshold, then the method falls to block 116, where the
absolute value of the signal kurtosis k is compared to a
seventh threshold T,. In some embodiments the seventh
threshold is 10. If the absolute value of the signal kurtosis is
greater than the seventh threshold, then once again the
method 100 reports to the operator that RF interference is
present in the signal, as given in block 114.

Thus, if either the absolute value of the signal skew or the
absolute value of the signal kurtosis exceeds the sixth
threshold or the seventh threshold, respectively, the operator
is informed that RF interference is present in the signal. In
some embodiments both the signal skew and the signal
kurtosis are analyzed, regardless of whether the first param-
eter of the two to be analyzed indicates RF interference or
not. In other embodiments, if the first parameter of the two
to be analyzed indicates RF interference, then the other
parameter is not analyzed. In some embodiments, the vari-
ous parameters are not calculated until just before they are
to be analyzed, and in other embodiments, all of the param-
eters are calculated at one time at the start of the method.

The method 100 then falls to block 118 where the deco-
rrelation time —t, is compared to a third threshold T;. In
some embodiments, the third threshold is 10. If the decor-
relation time is greater than the third threshold, then the
method 100 reports to the operator that multipath fluctua-
tions are present in the signal, as given in block 120.
However, if the decorrelation time is less than the third
threshold, then the method 100 continues to analyze the
potential sources of fluctuation in the signal by falling to the
next analysis block.

As depicted in block 122, the method 100 then compares
the decorrelation time T, to a second threshold T,. In some
embodiments, the second threshold is 0.1. If the decorrela-
tion time is less than the second threshold, then the method
100 reports to the operator that noise is present in the signal,
as given in block 124. However, if the decorrelation time is
greater than the second threshold, then the method 100
continues to analyze the potential sources of fluctuation in
the signal by falling to the next analysis block.

As depicted in block 126, the method 100 then compares
the signal spectral slope p to a fifth threshold Ts. In some
embodiments, the fifth threshold is —1.5. If the spectral slope
is greater than the fifth threshold, then the method 100
reports to the operator that noise is present in the signal, as
given in block 124. However, if the spectral slope is less than
the fifth threshold, then the method 100 continues to analyze
the potential sources of fluctuation in the signal by falling to
the next analysis block.

As depicted in block 128, the method 100 then compares
the signal spectral slope p to a fourth threshold T,. In some
embodiments, the fourth threshold is -5. If the spectral slope
is greater than the fourth threshold, then the method 100
reports to the operator that scintillation is present in the
signal, as given in block 130. However, if the spectral slope
is less than the fourth threshold, then the method 100 exits,
as depicted.

With reference now to FIG. 2, there is depicted one
embodiment of a computerized apparatus 200 capable of
performing the actions as described herein. In this embodi-
ment, the apparatus 200 is locally under the control of the
central processing unit 202, which controls and utilizes the
other modules of the apparatus 200 as described herein. As
used herein, the word module refers to a combination of both
software and hardware that performs one or more designated
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function. Thus, in different embodiments, various modules
might share elements of the hardware as described herein,
and in some embodiments might also share portions of the
software that interact with the hardware.

The embodiment of apparatus 200 as depicted in FIG. 2
includes, for example, a storage module 204 such as a hard
drive, tape drive, optical drive, or some other relatively
long-term data storage device. A read-only memory module
206 contains, for example, basic operating instructions for
the operation of the apparatus 200. An input-output module
208 provides a gateway for the communication of data and
instructions between the apparatus 200 and other computing
devices, networks, or data storage modules. An interface
module 210 includes, for example, keyboards, speakers,
microphones, cameras, displays, mice, and touchpads, and
provides means by which the operator can observe and
control the operation of the apparatus 200.

A random-access memory module 212 provides short-
term storage for data that is being buffered, analyzed, or
manipulated and programming instructions for the operation
of the apparatus 200. A power module 214 is also provided
in various embodiments of the apparatus 200. In some
embodiment that power module 214 is a portable power
supply, such as one or more batteries. In some embodiments
the power module 214 includes a renewable source, such as
a solar panel or an inductive coil that are configured to
provide power or recharge the batteries. In other embodi-
ments the power module 214 receives power from an
external power source, such as a 110/220 volt supply.

Some embodiments of the apparatus 200 include a trans-
ceiver 218 and an antenna 216 for receiving, and optionally
sending, the trans-ionospheric radio signals described
herein. Indications of the sources of the fluctuations can be
made in a variety of different ways, such as through the
interface 210.

In one embodiment, the apparatus 200 receives stored
trans-ionospheric radio signals through the input/output 208.
In other embodiments, the apparatus 200 receives trans-
ionospheric radio signals from the vibration antenna 216. In
either embodiment, the apparatus 200 performs the func-
tions as described herein, and then sends the data out
through the input/output 208 for remote storage or further
processing, or directly to the storage module 204. In some
embodiments the steps of the method as described herein are
embodied in a computer language on a non-transitory
medium that is readable by the apparatus 200 of FIG. 2, and
that enables the apparatus 200 to implement the process as
described herein.

The foregoing description of embodiments for this inven-
tion has been presented for purposes of illustration and
description. It is not intended to be exhaustive or to limit the
invention to the precise form disclosed. Obvious modifica-
tions or variations are possible in light of the above teach-
ings. The embodiments are chosen and described in an effort
to provide illustrations of the principles of the invention and
its practical application, and to thereby enable one of ordi-
nary skill in the art to utilize the invention in various
embodiments and with various modifications as are suited to
the particular use contemplated. All such modifications and
variations are within the scope of the invention as deter-
mined by the appended claims when interpreted in accor-
dance with the breadth to which they are fairly, legally, and
equitably entitled.

What is claimed is:

1. A method for automatically identifying the source of
fluctuations in a trans-ionospheric radio signal, the method
comprising the steps of:
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acquiring a portion of the radio signal,

computing statistics on the portion of the radio signal,
including mean, standard deviation, scintillation index,
skew, kurtosis, decorrelation time, and spectral slope,

comparing the scintillation index, skew, kurtosis, decor-
relation time, and spectral slope to thresholds, and

based at least in part upon the comparisons, selectively
indicating at least one condition present in the portion
of the radio signal, selected from the group of no signal
fluctuations, RF interference, multipath interference,
noise, and ionospheric scintillation.
2. The method of claim 1, wherein if the scintillation
index is greater than a first threshold, and the decorrelation
time is between a second threshold and a third threshold, and
the skew is between a fourth threshold and a fifth threshold,
then a condition of ionospheric scintillation is indicated.
3. The method of claim 1, wherein if an absolute value of
the skew is greater than a sixth threshold, then a condition
of RF interference is indicated.
4. The method of claim 1, wherein if an absolute value of
the kurtosis is greater than a seventh threshold, then a
condition of RF interference is indicated.
5. The method of claim 1, further comprising:
computing a multipath slope using the decorrelation time
and the spectral slope over a spectral range of about
0.0005 hertz to about 0.01 hertz, and

computing an average of a power spectrum over a spectral
range of about 0.0005 hertz to about 0.01 hertz,

wherein if the decorrelation time is greater than an eighth
threshold, and the multipath slope is less than or equal
to a ninth threshold, and the average power is greater
than or equal to a tenth threshold, then a condition of
multipath interference is indicated.
6. The method of claim 1, further comprising:
computing a multipath slope using the decorrelation time
and the spectral slope over a spectral range of about
0.0005 hertz to about 0.01 hertz,

wherein if the multipath slope is less than or equal to an
eleventh threshold, then a condition of multipath inter-
ference is indicated.

7. The method of claim 1, wherein if a condition of at least
one of RF interference, multipath interference, and iono-
spheric scintillation is not indicated, then a condition of
noise is indicated.

8. A non-transitory, computer-readable storage medium
having stored thereon a computer program comprising a set
of instructions for causing a computing device to indicate
radio signal conditions by performing the steps of:

acquiring a portion of the radio signal,
computing statistics on the portion of the radio signal,
including mean, standard deviation, scintillation index,
skew, kurtosis, decorrelation time, and spectral slope,

comparing the scintillation index, skew, kurtosis, decor-
relation time, and spectral slope to thresholds, and

based at least in part upon the comparisons, selectively
indicating at least one condition present in the portion
of the radio signal, selected from the group of no signal
fluctuations, RF interference, multipath interference,
noise, and ionospheric scintillation.

9. The non-transitory, computer-readable storage medium
of claim 8, wherein the instructions comprise indicating a
condition of ionospheric scintillation if the scintillation
index is greater than a first threshold, and the decorrelation
time is between a second threshold and a third threshold, and
the slope is between a fourth threshold and a fifth threshold.

10. The non-transitory, computer-readable storage
medium of claim 8, wherein the instructions comprise
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indicating a condition of RF interference if an absolute value
of the skew is greater than a sixth threshold.

11. The non-transitory, computer-readable storage
medium of claim 8, wherein the instructions comprise
indicating a condition of RF interference if an absolute value
of the kurtosis is greater than a seventh threshold.

12. The non-transitory, computer-readable storage
medium of claim 8, the instructions further comprising:

computing a multipath slope using the decorrelation time
and the spectral slope over a spectral range of about
0.0005 hertz to about 0.01 hertz,

computing an average of a power spectrum over a spectral
range of about 0.0005 hertz to about 0.01 hertz, and

indicating a condition of multipath interference if the
decorrelation time is greater than an eighth threshold,
and the multipath slope is less than or equal to a ninth
threshold, and the average power is greater than or
equal to a tenth threshold.

13. The non-transitory, computer-readable storage

medium of claim 8, the instructions further comprising:
computing a multipath slope using the decorrelation time
and the spectral slope over a spectral range of about
0.0005 hertz to about 0.01 hertz, and

indicating a condition of multipath interference if the
multipath slope is less than or equal to an eleventh
threshold.

14. The non-transitory, computer-readable storage
medium of claim 8, wherein the instructions comprise
indicating a condition of noise if a condition of at least one
of RF interference, multipath interference, and ionospheric
scintillation is not indicated.

15. An apparatus for automatically identifying the source
of fluctuations in a trans-ionospheric radio signal, the appa-
ratus comprising:

an antenna for receiving a trans-ionospheric radio signal,

a receiver for receiving the radio signal,

a processor for,
computing statistics on the radio signal, including

mean, standard deviation, scintillation index, skew,

kurtosis, decorrelation time, and spectral slope, and
comparing the scintillation index, skew, kurtosis, deco-

rrelation time, and spectral slope to thresholds,

a user interface for selectively indicating at least one
condition present in the radio signal, selected from the
group of no signal fluctuations, RF interference, mul-
tipath interference, noise, and ionospheric scintillation,
based at least in part upon the comparisons, and

a memory for storing the thresholds.

16. The apparatus of claim 15, further comprising the
processor for indicating a condition of ionospheric scintil-
lation if the scintillation index is greater than a first thresh-
old, and the decorrelation time is between a second threshold
and a third threshold, and the slope is between a fourth
threshold and a fifth threshold.

17. The apparatus of claim 15, further comprising the
processor for indicating a condition of RF interference if an
absolute value of the skew is greater than a sixth threshold.

18. The apparatus of claim 15, further comprising the
processor for indicating a condition of RF interference if an
absolute value of the kurtosis is greater than a seventh
threshold.

19. The apparatus of claim 15, further comprising the
processor for:

computing a multipath slope using the decorrelation time
and the spectral slope over a spectral range of about
0.0005 hertz to about 0.01 hertz,
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computing an average of a power spectrum over a spectral
range of about 0.0005 hertz to about 0.01 hertz,

indicating a condition of multipath interference if the
decorrelation time is greater than an eighth threshold,
and the multipath slope is less than or equal to a ninth
threshold, and the average power is greater than or
equal to a tenth threshold, and

indicating a condition of multipath interference if the

multipath slope is less than or equal to an eleventh
threshold.

20. The apparatus of claim 15, further comprising the
processor for indicating a condition of noise if a condition of
at least one of RF interference, multipath interference, and
ionospheric scintillation is not indicated.
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